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We describe the electroproduction of the A'^(1440) Roper resonance in soft-wall AdS/QCD. The 
Roper resonance is identified as the first radially excited state of the nucleon, where higher Fock 
states in addition to the three-quark (3g) component are included. The main conclusion is that the 
leading 3g component plays the dominant role in the description of electroproduction properties of 
' fH ' ■ this resonance: form factors, helicity amplitudes, and charge densities. The obtained results are in 

good agreement with the recent results of the CLAS Collaboration at JLab. 
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I. INTRODUCTION 
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, The study of electromagnetic properties of nucleon resonances, such as the Roper resonance, opens new oppor- 
■ tunities for understanding the structure of hadrons. One of the more promising experiments of this type has been 
performed by the CLAS Collaboration at JLab [l|, , which will be continued at the upgraded JLab facilities with 
(N '. a 12-GeV energy beam ^3]. This calls for a comprehensive theoretical analysis of this process. From the theoretical 
side, starting from 1980, different types of approaches/models [nonrelativistic and relativistic quark models, potential 
and hadronic molecular approaches, Dyson-Schwinger equation framework, light-front holographic quantum chromo- 
dynamics (QCD), etc.] have been proposed and developed for the description of electroexcitations of nucleon reso- 
nances (for recent reviews see e.g. [13, [3 [111 ) • For example, in some recent theoretical developments [lOl [Tsj 
it is pointed out that a realistic description of the current data on Roper electroproduction needs to include additional 
\ degrees of freedom for this state, such as a nucleon-scalar a meson molecular component. In Ref. [llj the Dirac form 
Ci ' factor for the electromagnetic nucleon-Roper transition has been calculated in light-front holographic QCD. 
In this paper we consider Roper electroproduction in a soft-wall AdS/QCD model [IMl: 

which not only includes 

the leading three-quark {3q) state but also higher Fock components. In Ref. [l3] we proposed this AdS/QCD model 
as an approach to baryon structure, and successfully applied it to the study of nucleon electromagnetic form factors 
in the Euclidean region of transverse momentum squared up to 30 GeV^ . In [l7j we found that the inclusion of higher 
Fock states is relevant for the quantitative reproduction of baryons properties — masses, and the electromagnetic 
form factors at small including the electromagnetic radii. We truncated the tower of Fock states to the twist 
dimension t = 5, because the contribution of higher Fock states to the hadronic form factors scales as (l/Q^)"^"^ at 
higher and is therefore suppressed. Another reason for the truncation to r = 5 was to reduce the number of free 
parameters. 

The paper is structured as follows. First, in Sec. II, we briefly discuss the basic notions of the approach. In Sees. Ill 
and IV we consider applications of our approach to the electroproduction of the Roper resonance. Finally, in Sec. V, 
we summarize our results. 
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II. APPROACH 
A. Action for the spin J = ^ fermion field in AdS space 

Here we briefly review our approach. First, we specify the five-dimensional AdS metric: 

ds^ = gMNdx^'dx^ = r]ab e^^*^^ dx^'dx^ = e^-^^^^ (r^f.^dx^dx" ~ dz^) , 

7j^, - diag(l, -1,-1, -1,-1), (1) 

where M and N = 0,1,--- ,4 are the space-time (base manifold) indices, a = {n,z) and b = {v,z) are the local 
Lorentz (tangent) indices, and qmn and 7]ab are curved and fiat metric tensors, respectively, which are related by 
the vielbein €-%i{z) = e'^'^) (5^j as qmn — ^ii^NVab- Here z is the holographic coordinate, R is the AdS radius, and 
g = |det(/MJv| = 6^°'^'^-'. In the following we restrict ourselves to a conformal-invariant metric with A{z) — log{R/z). 
The relevant AdS/QCD action for the fermion field of twist r is 17] 

Sr = j d^xdz^e-^^^^ *.,r(2:,z)A(2)^'.,r(a;,,3), (2) 



where 



T>±{z) - '-r''d,, Tit^ + Uf{z)), (3) 



2 

and ^'±.T(a;, z) is the pair of bulk fermion fields, which are the holographic analogues of the left- and right-chirality 

operators in the 4D theory. Here Ad B = A{dB) — {dA)B, ip{z) = k^z^ is the dilaton field with k being a free scale 
parameter. = ef r° and = are the five-dimensional Dirac matrices (we use the chiral representation 

for the "f^ and 7^ matrices; see details in Refs. [H, [13] )■ The quantity fx is the bulk fermion mass related to the 
scaling dimension t as to = fiR = r — 3/2. Note that the scaling dimension of the AdS fermion field is holographically 
identified with the scaling dimension of the baryon interpolating operator t — N + L] N in the number of partons in 
the baryon and L = max|Lj;| is the maximal value of the z component of the quark orbital angular momentum in 
the light-front wave function fTl, [l^. Uf{z) = f{z)/R is the effective potential depending on the dilaton field. Its 
presence is necessary for the following reason. The form of the potential Uf{z) is constrained in order to get solutions 
of the equations of motion (EOMs) for the fermionic Kaluza-Klein (KK) modes of left and ri ght chiralit y , and to have 
the correct asymptotic behavior of the nucleon electromagnetic form factors at large [isirflTl. [20l. l2l|. 

Notice that the fermion masses m and the effective potentials Uf{z) corresponding to the fields and have 
opposite signs according to the P-parity transformation (see details in Ref. [17]). The absolute sign of the fermion 
mass is related to the chirality of the boundary operator [l^, [2II . According to our conventions the QCD operators 
Oij and Ol have positive and negative chirality, and therefore the mass terms of the bulk fields ^+ and have 
absolute signs "plus" and "minus", respectively. The fields describe the AdS fermion field with different scaling 
dimension: r = 3, 4, 5, etc. 



In Ref. jl7| we demonstrated that our soft-wall holographic model reproduces the main features of the electro- 
magnetic structure of the nucleon. In particular, we gained the following results: the analytical power scaling of the 
elastic nucleon form factors at large momentum transfers in accordance with quark-counting rules; reproduction of 
experimental data for magnetic moments and electromagnetic radii. 



B. Mass spectrum 



One advantage of the soft-wall AdS/QCD model is that most of the calculations can be done analytically. Here we 
show how in thi s appro ach the baryon spectrum and wave functions are generated following the procedure presented 
in Refs. [IB [U Hfl EH • First, we rescale the fermionic fields as 

^...(a;,^) = e^W/2V;,,,(a;,z) (4) 

and remove the dilaton field from the overall exponential. In terms of the field iprix^z) the modified action in the 
Lorentzian signature reads as 

Sr^ I d^xdze^^^'^ V^.,r(a;,z)|i ^ + 7'a, + 2^'(z)75-,5,^(TO-f ^(z))|v^,r(x,z), (5) 
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where ^ = 7^ 9^, 5± = ±1. The fermion field ^pi,rix, z) satisfies the following EOM [H [H US EH : 



'4)±^t{x,z) = 0. 



Next we split the fermion field into left- and right-chirality components 



It 7' 



i'i,r{x,z)^1p'r',^{x,z)+'ll}f^^{x,z), "0^,^ {^■,z) = ^ V'z,T (a;, z) , 7^'(/'j,r (^^^ ^) = TV'j.t (^^^ 2:) 

and perform a KK expansion for the ip^l^{x, z) fields 



(6) 



(7) 



(8) 



where ^n^^{x) are the four-dimensional boundary fields (KK modes). These are Weyl spinors forming the Dirac 
bispinors ipn{x) — i'ni^) +V'n(3^)j ^nd F^l^^{z) are the normalizable profile functions. Due to four-dimensional P- 
and C-parity invariance the bulk profiles are related as 17[: 



Fl^^^iz) = ±Fl,^,,{z) . 
Using this constraint, in the following we use the simplified notations: 

F«„(z) ^ Ff^.^Jz) = F^^,^,,{z) , 



(9) 



(10) 



Note that the profiles Fr,L^{z) are the holographic analogues of the nucleon wave functions with specific radial 
quantum number n and twist dimension r (the latter corresponds to the specific partonic content of the nucleon Fock 
component), which satisfy the two coupled one-dimensional EOMs [l7j : 



F,^'"{z)=±AUrF,%'^{z 



(11) 



Therefore, the main aim is to find solutions for the bulk profiles of the AdS field in the z direction and then calculate 
the physical properties of hadrons. After straightforward algebra one can obtain the decoupled EOMs: 



^2A 



-dl - AA'd, + ^{m + ip)^T^ {A'im + ip) + (^') - AA'^ - 2A" 
Performing the substitution 



we derive the Schrodinger-type EOM for fr^L^iz) 



For A{z) = \og{R/z), (p{z) — k^z"^ we get 



f^i''iz)=Ml^f^l^iz) 



where 



-dl + K^7? + 2 



m(m ± 1) 



/,^/«(z) = M^,/,^/«(z), 



' 2r(n-Hl) 
r{n + T- 1) 



(12) 
(13) 

(14) 

(15) 

(16) 
(17) 
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and 



with 



T - 1 



(18) 



(19) 



Here 



i! dx 



are the generalized Laguerre polynomials. In the above formulas we substituted m — t ~ 3/2. 

One can see that the functions Fr,L^{z) — e~^"^^^^ fr/n^iz) have the correct scaling behavior for small 



(20) 



(21) 



when identified with the corresponding nucleon wave functions with twist r and vanish at large z (confinement). 
In Ref. [l3| it was explicitly demonstrated that the nucleon electromagnetic form factors have the correct scaling 
dependence at large Q^. 

Now we define the 5D fields ip^^^{x, z) and ip^^{x, z), which are holographic analogues of the nucleon and Roper 
resonance, respectively: 



i^lAx,z) = — [v;^(x)F,X(z)±V^o«(x)</^(z) 



(22) 



Here we identify the nucleon as the ground state with n — and the Roper resonance as the first radially excited 
state with n = 1. We should stress again that 5D AdS fields corresponding to the nucleon and Roper are products 
of 4D spinor fields with spin 1/2 and profiles depending on the holographic (scale) variable. The free actions of the 
nucleon and Roper resonance with fixed twist dimension r, are constructed in terms of ijj± ri^^ ^) ^^'^ '4'±TiXj ^) 



I d^xdze^^^^-^ J2 Viff,(a;,z)|* ^ + 7'5, + 2A'(z)75-5,^(m + ^(z))|vf,(x,z) 



(23) 



where B — N,TZ. In order to take into account higher Fock states in both the nucleon and Roper we sum the 5D 
action over r with adjustable coefficients c^: 



(24) 



In Ref. [T3| we showed that the are constrained by the condition c:f = 1 in order to get the correct normal- 
ization of the kinetic term 'ipn{x)i ^ipnix) of the four-dimensional spinor field. Also this condition is consistent with 
electromagnetic gauge invariance. 

The nucleon and Roper masses are identified with the expressions jl7| 



Mn - 2k^ cf V^^, 

T 

Mn = 2k^c^V^. 



(25) 



Integration over the holographic coordinate z, with the use of the normalization condition (|19p for the profile functions 

fr/n^iz), gives four-dimensional actions for the fermion field ipnix) — V'n(a;) -I- ipni^) with n = (for nucleon) and 
n = 1 (for Roper): 



^4D — 



I 



N 



ipoix) + d xiJi{x) 



M- 



n 



V'i(x) . 



(26) 
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This last equation is a manifestation of the gauge-gravity duaUty. It exphcitly demonstrates that effective actions for 
conventional hadrons in four dimensions can be generated from actions for bulk fields propagating in five-dimensional 
AdS space. The effect of the extra dimension is encoded in the baryon mass Mb- 

In the following we restrict ourselves to the contribution of Fock states in both the nucleon and the Roper resonance 
with twist T = 3,4, and 5. The nucleon mass was already calculated in Ref. Taking the following choice of 

parameters k, , and : 

K = 383 MeV, cf = 1.25, cf = 0.16, (27) 

we reproduce the data for the nucleon (proton) mass = 938.27 MeV. Notice that the parameter depends on 

and as 

= 1 - - cf = -0.41 . (28) 

Taking the same value of the universal scale parameter k = 383 MeV we reproduce the world average for the Roper 
mass M^^ = 1440 MeV with 

c^ = 0.78, cf = -0.16, = l-c^-cj = 0.38. (29) 

One can see that, as in the nucleon case, the 3g Fock component gives the main contribution to the Roper mass. 

We would like to stress again that the quantities {B = TZ) are free parameters constrained by the condition 
J2r = 1- Inclusion of the states for r = 6 does not change qualitatively the description of data. On the other 
hand, from the analysis of data on nucleon form factors, nucleon, and Roper mass, we found that the contribution 
of twist-4 Fock states (containing three quarks and one gluon) is always suppressed in comparison with leading 3q 
component and twist-5 Fock states containing a sizeable 3g + qq component. 

Next we will study the role of different Fock components in the electroproduction properties of the Roper resonance. 



III. ELECTROPRODUCTION OF THE ROPER RESONANCE TV + 7* ^ 7^ 

A. Kinematics 



The electromagnetic transition between the nucleon and the Roper resonance, due to Lorentz and gauge invariance, 
is defined by the following matrix element: 



M^(pi, Ai;p2,A2) = u7j(Pi, Ai) 
which obeys current conservation 



qu_ 
Mn 



F2{q^) 



q^Mf' = 0, 



(30) 



(31) 



where (pi, Ai), (p2, A2), {q = pi — p2, A = Ai + A2) are the (momenta, helicity) of the Roper resonance, the nucleon 
and the photon, respectively. We shall work in the rest frame of the daughter baryon (Roper) with the parent baryon 
(nucleon) moving in the negative z direction (z axis is directed along the photon 3-momentum): 



p'l^{Mn,0), p^ = (i?,0,G,-|p| 



where 



E 



N 



(9o,0,0,|p| 



M± = Mn± Mn , 



(32) 



(33) 



2Mtz 2Mn 

Alternative sets of transition form factors can be found in Refs. [1, @, 1^. 

Now we introduce the helicity amplitudes H\^\, which in turn can be related to the invariant form factors Fi (see 
details in Refs. [26l - [28j ). The pertinent relation is 

(34) 



Hx^x = A/^(pi, Ai;p2, A2) e*''(g, A) , 
where the polarization vectors of the outgoing photon e*^(q. A) are written as 



e*^(g,±l) = ^(0,Tl,*,0), e*^{q,0) - -L 

V2 y/Q- 



:(|P|,0,0,(Z0)- 



(35) 
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The J = h baryon spinors are given by 



UN 



X± 



(36) 



and X- = are two-component Pauli spinors. 

/ \ 1 



Here x+ = 

After straightforward calculations [26l - l28l | we find 



H 



'MtzJ ■ 

The alternative set of the helicity amplitudes (^1/2, 'S'1/2) is related to the set (Hiq^Hii) as 5-3j 



2 2*^ 



where 



M+M_Mn 



(37) 
(38) 

(39) 
(40) 



and a = 1/137.036 is the fine-structure constant. 



B. Form factors of the N + j TZ transition 

In our approach the matrix element describing the N + ^ TZ transition is generated by the following 5d action: 

5i„t = / d^xdz^e~'^^''>£int{x,z) . (41) 



£int(a;, z) is the interaction Lagrangian of two fermion fields (holographically corresponding to the nucleon and Roper 
resonance) and vector field (holographically corresponding to the electromagnetic field): 



V±ix,z) T3T^Wm{x,z) ± -Tjv[r^,T^]VMNix,z) ± gy t^T^' iT' Vm{x, z) , 



(42) 



where c!^^ is the set of parameters mixing the contribution of AdS fermion fields with different twist dimension. Here 
■qv — diag(77p, Tjn) and T3 is the Pauli isospin matrix, ijp, rjn, gv are the coupling constants, VMix, z) is the AdS vector 
field, and Vmn = QmVn ~ OnVm is its stress tensor. 

The expressions for the Fi and F2 form factors are given by: 



Ff(Q2) = C^{Q^)+gvC2{Q^) + iipC3{Q^), 

for the case of p + 7 — > TZp transition, and 

Fi"(Q2) ^ -CiiQ^) - gvC2{Q^) + VnCsiQ^) , 



(43) 
(44) 



(45) 
(46) 
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for the case of n + 7 — )■ 72.„ transition. Here, TZp and TZn are the members of the Roper isospin doublet, and Ci{Q^) 
are the structure integrals (see explicit expressions in the Appendix): 

00 

Ci{Q^) = \ JdzV{Q,z) ^c?^(^/,^o(^)/.';iW + /.^oW/.^iW), 



00 

^ 

00 



00 

CUiQ') = ^ / dzzV{Q,z) E c?^ + . (47) 



R/ L 

The functions ]^(z) are the bulk profiles of fermions with specific n = or 1. V{Q, z) is the bulk-to-boundary 

propagator of the transverse massless vector bulk field (the holographic analogue of the electromagnetic field), defined 

as 



which obeys the following EOM 



V,{x, z) = / ^e-'-y^(g)T/(g, z), (48) 



d,\^^d,V{q,z)\+q^^—V{q,z)^0. (49) 



In the soft-wall model the solution for V{Q, z) is given in analytical form in terms of the gamma T{n) and Tricomi 
U(a,b,z) functions: 



m^) = r(i + gjL/f^,o,.V). (50) 



The bulk-to-boundary propagator V{Qtz) obeys the normalization condition 1^(0, z) — 1, consistent with gauge 
invariance, and fulfills the following ultraviolet (UV) and infrared (IR) boundary conditions : 

F(Q,0) = 1, F(Q,oo)=0. (51) 

The UV boundary condition corresponds to the local (structureless) coupling of the electromagnetic field to matter 
fields, while the IR boundary condition implies that the vector field vanishes at z = 00. 

In order to obtain analytical expressions for the functions Ci{Q^), it is convenient to use the integral representation 
for V{Q, z) introduced in Ref. |24| 

2 2 

^ Z X 

V{Q,z) = n^z^[ ^^:,^e"T^, (52) 

where the variable x is equivalent to the light-cone momentum fraction [25]. 

There are a few very important properties of the Ci{Q^) functions. Namely, at = they are normalized as 

Af 

Ci(0) = C2(0) = C3(0) = 0, C4(0) = -^Ec?^. (53) 

T 

The normalizations of d {i — 1, 2, 3) are consistent with gauge invariance. 

The analytical power scaling of the Ci{Q'^) functions and therefore of the form factors Fl^{Q'^), defining the 
electromagnetic transition between nucleon and Roper resonance, is in accordance with quark-counting rules for large 
momentum transfers. In particular, the leading 3q contribution in Ci{Q'^) and F^^ [Q"^) scales for — > 00 as 

Ci(g2)~C2(Q2)^C3(Q2)^^, ^4(0^)^^ (54) 
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and 

<(Q^)^ij, F,^{Q-)^^^ (55) 

for the case of p + 7 — t- TZp transition, and similarly for 

i^r(Q') = -Ci(g')-gyC2(Q') + ??„C3(Q'), (56) 
F^{Q^) = VnCiiQ^). (57) 
Following Ref. @ we define the transition charge density for the unpolarized N ^ R transition: 

P'^^^^= J ,A|J+(0)|P+,-^,A) (58) 

and for the transversely polarized nucleon and Roper resonance, both along the direction of Sj_ = cos (f>sSx + sm(j)sey: 

p^^^^^ = I ^{p\'^,^^\j^mp\-'^,^i-) (59) 

where b± is the position in the (xy) plane from transverse cm. of the baryons and sj_ is the nucleon spin projection 
along the direction of S± . 



IV. RESULTS 



In this section we present the numerical analysis of the physical observables of the electromagnetic nucleon-Roper 
transition: form factors, helicity amplitudes and transition charge radii. As in the case of the nucleon electromagnetic 
form factors, for the electroproduction of the Roper resonance the main contribution is given by the leading 3q 
component. The higher Fock components compensate each other. We illustrate this feature in Figs. 1-4. In 
particular, the plots of the leading (3g Fock component) and full results (including 3g, 4 and 5 partonic contributions) 
practically coincide. In Table I we present full results and leading 3q contributions (in brackets) for the helicity 
amphtudes ^^2(0) ^^'^ ^i/2i^)' N —p,n. 

Finally, the free parameters are fixed as: 

gv = l, Vp = 0.453 , 77,, = -0.279 , 

c?^ = 0.72 , ^ - -cf^ = -0.18 . (60) 

From Figs. 5 and 6 it should be evident that our results for the helicity amplitudes in the proton case have qualitative 
agreement with the present data of the CLAS Collaboration 1]. Within the current approach it is difficult to reproduce 
the maximum of data for A^^.^ at about 2 GeV^ . Higher- twist contributions cannot improve this situation as discussed 
before. We recently proposed an extension of our soft-wall model including a longitudinal wave function in the case 
of mesons. In the future we plan to do a similar extension in the baryon sector, which can help to improve the fit 
in the intermediate region. Further data for the helicity amplitudes in the region from 1.6 to 4 GeV^ could be 
accumulated at the upgraded facilities of JLab and certainly help to clarify the theoretical understanding. In Figs. 7-10 
we show our predictions for the proton- and neutron-case helicities up to 12 GeV^. For completeness in Figs. 11-20 
we plot the 2D- and 3D-imagcs of the charge distributions. 



V. CONCLUSION 



We presented a detailed analysis of the electroproduction of the Roper resonance in the framework of the soft-wall 
AdS/QCD model. We showed that the Roper mass is mainly generated by the contribution of the leading 3q Fock 
states, and contributions of the higher (4- and 5-partonic) Fock states are small (a similar result was found for the 
nucleon [l3|)- In the case of the electroproduction amplitude the leading 3q Fock state plays the dominant role and 
higher Fock states compensate each other. We hope that our predictions will be useful for the JLab experiments and 
for theoretical investigations on the nature of the Roper resonance. 

In the future we plan to apply this formalism to other baryon resonances with adjustable quantum numbers n, J, 
and L. We suppose that the parameters related to the mixing of the different Fock components are not necessarily the 
same for all baryons. Therefore, the set of parameters defining the mixing of the Fock components in the specific 
baryon state and of parameters c^^^^ defining the coupling of two Fock components of twist t in baryons Bi and B2 
could be varied. 
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Appendix A: Structure integrals Ci{Q^) 
The structure integrals Ci{Q^) are given by the expressions: 

a(Q2) = 5]c?^caQ'), (Ai) 

r 

CliQ^) - ^i3(a + l,r + l) + , (A2) 

a + 1 



CJ(Q') = ^i3(a + l,T + l) (^V^^^l + ^j - V^j , (A3) 

a + 2 



where a = (3^/(4k^) 



CliQ^) = ^i?(a + l,r + 2)(^V^(l-aT) + ^/7^(a(r-l)-l)(^l + ^jj, (A4) 
Cl(Q^) = ^'^^ + ^^^ j3(a + i,r + l) (^a{T-l)-T-l + a^T{T-l)^ , (A5) 

2 l(A ,^2\ 
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TABLE I: Helicity amplitudes ^1/2(0) ^^'^ 'S'i/2(0)i N — p,n: full results and leading 3q contributions (in brackets). 



Quantity 


Our results 


Data 1291 


ylf/,(0) (GeV-i/2) 


-0.065 (-0.065) 


-0.065 ± 0.004 


^7/2(0) (GeV-^/^) 


0.040 (0.040) 


0.040 ± 0.010 


5^/,(0) (GeV-^/^) 


0.047 (0.048) 




5,-/2(0) (GeV-^/^) 


-0.044 (-0.045) 
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Fig.l: -Ff (Q^) form factor. 
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Fig.2: F|(Q^) form factor. 
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Fig.3: Fr(Q^) form factor. 




Fig.4: F2"(Q^) form factor. 
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Fig.5: Helicity amplitude Al,^{Q'^) up to = 4 GeV 
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Fig.6: Helicity amplitude Slj^{Q'^) up to = 4 GeV 
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Fig.7: Helicity amplitude A^.^iQ^) up to = 12 GeV 
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Fig.8: Helicity amplitude S^.^iQ^) up to = 12 GeV 




Fig.lO: Helicity amplitude ^"^(Q^) up to = 12 GeV 
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Fig. 11: Charge density P(,{bx, by). 
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Fig. 12: Charge density pl^{bx,by). 
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Fig. 13: Charge density po{bx, by). 
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Fig. 14: Charge density p^{bx,hy). 
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Fig. 15: Charge densities p%(by) and p^{by). 
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Fig. 16: Charge densities Po{by) and pripy). 



Fig.17: 3D image of p^{bx, by). 




Fig. 18: 3D image of p^{hx,hy). 



Fig.19: 3D image oi ~p^{b^,by). 




Fig.20: 3D image of ~pT{b^,by). 



